Abstract: Pathologic lymphovascular invasion (LVI) has been shown to be related to tumor recurrence in lung adenocarcinoma (ADC). We investigated preoperative computed tomography (CT) findings that may be related to pathologic LVI and recurrence of surgically managed stage I-II ADC of the lung.
INTRODUCTION
T he rate of detection of small asymptomatic lung cancers by computed tomography (CT) has increased. 1 Complete surgical resection is the treatment of choice. However, despite early diagnosis and complete resection of nonsmall cell lung cancers (NSCLC), a substantial proportion of patients die of recurrent disease. The 5-year survivals in patients with pathologic stages IA, IB, IIA, and IIB NSCLC according to the 7th edition of the TNM staging are 73%, 58%, 46%, and 36%, respectively. 2, 3 Therefore, since tumor recurrence is the most common cause of death and loss of quality of life after surgical resection, it is imperative to predict which patients are susceptible to recurrence and to tailor treatment accordingly, even in operable stages.
Numerous studies have investigated the prognostic impact of patient-related, tumor-related, and treatment-related findings of surgically resectable lung cancer. 3, 4 The presence of groundglass opacities (GGO), 5, 6 pathologic lymphovascular invasion (LVI), 7 and 18 F-fluorodeoxyglucose (FDG) uptake on positron emission tomography (PET) 8, 9 have been introduced as important prognostic factors. However, these studies did not focus on detailed preoperative CT findings, but dealt with clinico-pathologic characteristics of the tumors. Although preoperative TNM staging of lung cancers using CT has been useful for predicting patients' treatment outcomes, tumor recurrence is not adequately predicted by TNM staging alone.
Because adenocarcinoma (ADC) is currently the most common histological type of NSCLC, we aimed to relate pathologic and CT findings in ADC, focusing on peritumoral lymphangitic tumor spread rather than obvious lymph node Editor: Tuomo Rantanen. metastasis. The correlation between tumor size measured by CT and pathologic features was also examined, especially in tumors with GGO components. The aim of this study was to investigate preoperative CT findings that may related to pathologic LVI and recurrence of surgically managed stage I-II ADC of the lung.
MATERIALS AND METHODS

Patient Characteristics
This retrospective study was approved by the Institutional Review Board (2015-0725), and the requirement for informed consent was waived. We searched the lung cancer registry and electronic medical records at our institution, and the eligibility criteria were as follows: patients with pathologic stage I and II NSCLC who underwent curative operation between January 2013 and December 2013; no separate tumor nodules in the same lobe; and follow-up exceeding 6 months after tumor resection. To analyze tumor size and characteristics on CT and pathology on a per patient basis, patients with separate tumor nodules were excluded. The final pathologic stages were graded based on the 7th edition of the International Association for the Study of Lung Cancer. 10, 11 Among the 359 patients who underwent surgical resection, those with prior surgery for lung cancer (n ¼ 14), patients with stage III (n ¼ 49), stage IV (n ¼ 12), separate tumor nodules in the same lobe (n ¼ 7), and insufficient follow-up (n ¼ 2) were excluded ( Figure 1 ).
The data on identified patients (n ¼ 275) (121 males and 154 females) with pathologic stage I and II NSCLC who underwent curative operation were reviewed. Clinical findings including tumor recurrence, CT findings, maximum standardized uptake value (maxSUV) by PET/CT, and pathologic data were reviewed. All patients underwent standardized routine preoperative staging work-up including chest CT, bronchoscopy or CT/fluoroscopic guided-biopsy, and PET/CT scan in real clinical practice. After preoperative evaluation, preoperative staging was performed. Clinical, radiologic, and pathologic findings were compared between patients with and without tumor recurrence.
Surgical Management
Wedge resection (n ¼ 52), lobectomy (n ¼ 209), both wedge resection and lobectomy (n ¼ 12), and bilobectomy (n ¼ 2) were performed in the patients. Intraoperational mediastinal lymph node dissection or sampling of suspected lymph nodes on preoperative evaluation were performed in all patients. The mean interval between preoperative CT exams and curative resection was 12.5 AE 9.2 days.
Pathologic Evaluation
The longest diameter of the tumor (pathologic tumor size) and presence of lepidic growth (%), LVI, and epidermal growth factor receptor were evaluated after pathological subtyping of the ADC by experienced chest pathologists using the surgical specimens. The presence of LVI was assessed by checking for the presence of tumor cells in the lumens of blood vessels or lymphatics. The predominant histologic type of each tumor was also identified. The k index comparing preoperative T stage on CT and pathologic T stage was obtained.
Follow-Up for Recurrence
Postoperative follow-up by chest CT were carried out every 3 to 6 months, and PET/CT was done annually. Both local recurrence and distant metastasis were considered to be tumor recurrence. Local recurrence was defined as a tumor appearing at or near the surgical margin or a new lesion occurring in the ipsilateral mediastinum. Patients were periodically monitored for survival until death, at a maximum of 6-month intervals by CT, and annually by PET/CT. Recurrence-free survival was defined as the interval from the date of operation to the date of first documented evidence of recurrence, based on CT scans, PET/CT, and clinical deterioration.
CT Scanning Protocol
Chest CT examinations were performed using 16-or 64-detector CT units, either a SOMATOM Sensation 16 (Siemens Medical Solutions, Erlangen, Germany) or a Lightspeed VCT (General Electric Medical Systems, Milwaukee, WI). Scan parameters were 120 kV, 100 effective mA with dose modulation, 3-/5-mm thickness reconstruction interval without a gap by standard algorithm, and 1-mm thickness with 5-mm gaps by high-frequency algorithm for the 16-detector row scanner. In the 64-detector row scanner, scan parameters were 120 kV, 100 to 400 mA with dose modulation, 2.5-/5-mm thickness reconstruction interval without a gap by lung algorithm, and 1.25-mm thickness with 5-mm gaps by bone algorithm. To obtain contrast enhancement images, 100 mL iopromide 300 (300 mg I/mL Ultravist, Bayer Pharma, Berlin, Germany) was administered intravenously at a rate of 2.5 mL/s using a power injector, and the CT scan was performed after a 50-second delay. All CT scans obtained on axial and coronal images in the settings of the mediastinal (width, 450 Hounsfield unit [HU]; level, 50 HU), lung (width, 1500 HU; level, À700 HU) and bone (width, 1000 HU; level 200 HU) windows were reviewed on the picture archiving and communication system.
CT Evaluation
The 2 independent board-certified radiologists were blind to the clinical data except for the fact that the patient had an ADC treated by surgery. Final conclusions regarding the CT examination findings were reached in consensus. Tumor measurements were obtained on the basis of review of transverse images of the tumor. Main tumors were measured for size, defined as the length of the long diameter in millimeters and divided into 2 types, comprising nodule-type lesions (defined as those 30 mm) and masses (>30 mm). A lobulated margin was defined as the presence of at least 3 undulations with a height of more than 2 mm, and a spiculated margin was defined as the presence of linear strands at least 2 mm thick extending from the nodule or mass margin into the lung parenchyma. 12 The presence of peritumoral interstitial thickening adjacent to or surrounding the lung cancer, which may suggest a localized form of lymphangitic tumor spread, was assessed (Figures 2 and 3 ). The concept of peritumoral interstitial thickening was derived from the finding that localized lymphangitic carcinomatosis usually occurs in the peribronchovascular, centrilobular interstitium, and along the interlobular septa or in subpleural locations with a perilymphatic distribution. The presence of pleural tag, axial location (central or peripheral to a central imaginary line of the lung; Figure 2 ) and the characteristics (GGO, part solid, and solid) of the tumors were also evaluated.
PET/CT Scanning Protocol
The FDG PET/CTs (Discovery PET/CT 690; GE Health Care Milwaukee, WI) were obtained using a cut-off value of 2.5 times the maxSUV. The maxSUV was calculated by considering the lean body mass-based standardized uptake value. Fifty minutes prior to PET/CT, 18 F-FDG (5.2 MBq/kg body weight) was administered intravenously to each patient, who had fasted for more than 6 h. Three-dimensional PET was acquired and CT attenuation corrections for deriving attenuation maps were performed. The mean interval between CT and PET/CT studies was 6 (range, 0-37) days. On the FDG PET/CT images, the highest maxSUV value of the cancer in the largest region of interest not containing any tumor margin or extratumoral component was obtained.
Statistical Analysis
Univariate and multivariate Cox proportional hazard regressions were used to estimate hazard ratios (HRs) for tumor recurrence according to the clinical, pathologic, and preoperative CT findings. After statistically significant pathologic and radiological factors had been selected, the HRs of the prognostic factors for tumor recurrence were obtained by multivariate Cox regression analysis with backward conditional selection. The interobserver agreement was obtained to evaluate the consistency between the CT findings of the 2 radiologists with respect to solidity, margin, peritumoral interstitial thickening, and pleural tag. Pathologic T stage was compared to CT stage by calculating the k index. Because of collinearity between pathologic tumor size and CT tumor size, the correlations between the 2 parameters and tumor recurrence were evaluated using simple correlation analysis. The association between the presence of peritumoral interstitial thickening and other parameters including pathologic LVI were examined using the Mann-Whitney U test and Pearson chisquared test. Recurrence-free survival was obtained by the Kaplan-Meier method, and P values generated by the TaroneWare method are shown. All statistical analyses were performed (JBL, with 14 years of experience in statistical analysis) using commercial software (SPSS version 18.0, SPSS, Inc., Chicago, IL).
RESULTS
Patient Clinicopathologic Characteristics
The results of univariate Cox proportional hazard analysis for clinical and pathological predictive factors for tumor recurrence are shown in Table 1 . Tumor recurrence was observed in 34 (2.4%) of the 275 patients, with local recurrence in 6 patients and distant metastasis in 28 patients. The median time from operation to local recurrence or distant metastasis was 13.6 months (range, 0.8-25.9), and the overall follow-up period was 21.0 months (range, 6.0-30.5). There were no significant differences in age, gender, and smoking habit between patients without tumor recurrence (n ¼ 241) and those with recurrence (n ¼ 34). Pathologically, % lepidic growth (HR, 0.952; 95% CI, 0.919-0.986; P ¼ 0.006), presence of LVI (HR, 3.875; 95% CI, 1.913-7.851; P < 0.001), pathologic tumor size (HR, 1.059; 95% CI, 1.035-1.084; P < 0.001), and pathologic stage including T stage (P < 0.001) were significantly different in the patients with and without tumor recurrence.
Numbers of metastatic lymph nodes were counted, and the mean number of metastatic lymph nodes was 0.2 AE 0.7. Pathologic N stage and number of metastatic lymph nodes were not statistically significant parameters for predicting tumor recurrence. All solitary precancerous and cancerous lesions including adenocarcinoma in situ (AIS), atypical adenomatoid hyperplasia (AAH), and minimally invasive adenocarcinoma (MIA) were found in the patients without recurrence. Because only 1 primary lung cancer was selected for measurement on CT, any co-existing AAH, AIS, or MIA in the resected specimen was not counted. The surgical methods were not significantly different in the 2 groups (P > 0.05).
CT Evaluation
There was excellent to good inter-reader agreement (k coefficient range, 0.705-0.845). The results of univariate analysis for possible predictive factors for tumor recurrence by CT are shown in The interstitium of the lung is widened and thickened by tumor invasion (black arrowheads) and tumor cells are also evident in the lymphatics (white arrows) (hematoxylin-eosin stain, original magnification Â400). The tumor was classified as pathologic T2a N1 M0. Lymph node metastasis (4R) occurred after 15 mo despite surgery, and lung metastasis followed 20 mo after tumor resection (not shown). CT ¼ computed tomography.
the tumors also differed between the 2 groups (HR, 1.127; 95% CI, 1.037-1.225; P ¼ 0.005).
The correlation between T stage assessed by pathologic and CT findings was good (k ¼ 0.658, P < 0.001). However, for the tumors that presented as GGO or part-solid lesions (n ¼ 81, 29.5%), the mean size on pathology (17.7 AE 9.2 mm) was smaller than on CT (19.5 AE 9.2 mm). The correlation between T stage based on pathologic versus CT findings for GGO or part-solid lesions was moderate (k ¼ 0.508, P < 0.001) and less than for solid lesions (k ¼ 0.698, P < 0.001). Moreover, tumor size on CT (r ¼ 0.303, P < 0.001) was more closely correlated with tumor recurrence than pathologic tumor size (r ¼ 0.215, P < 0.001).
Peritumoral Interstitial Thickening
Peritumoral interstitial thickening on CT was positively correlated with tumor size (P < 0.001). However, % lepidic (Table 3 ). An example of a tumor with peritumoral interstitial thickening on CT that correlated with pathological LVI is shown in Figure 3 .
Predictors for Tumor Recurrence
In a multivariate Cox proportional hazard analysis of CT parameters, tumor size on CT (HR, 1.061; 95% CI, 1.032-1.091; P < 0.001) and central location (HR, 2.835; 95% CI, 1.200-6.701; P ¼ 0.018) were significant predictors of tumor recurrence ( Table 4 ). The presence of peritumoral interstitial thickening had a marginally significant relation to tumor recurrence (HR, 2.581; 95% CI, 0.999-6.669; P ¼ 0.50). Based on both CT and pathology parameters, tumor size on CT (HR, 1.052; 95% CI, 1.022-1.082; P < 0.001), axial location of tumor (HR, 3.152; 1.387-7.166; P ¼ 0.006) and pathologic LVI (HR, 2.153; 95% CI, 1.038-4.465; P ¼ 0.039) were independent predictors of recurrence. Because the correlations for staging, namely overall stage and T and N stage, were not higher than those for these 3 predictors above, a sub-group analysis for stage I versus II was not performed. Recurrence-free survival curves for the predictability of tumor recurrence using peritumoral interstitial thickening, pathologic LVI, axial location, and tumor size (30-mm as a cut-off) are shown in Figure 4 . All P values obtained were <0.001.
DISCUSSION
This study examines the associations between tumor recurrence and the clinical, pathologic, and preoperative CT findings, including peritumoral interstitial thickening, in resectable ADC. A previous study demonstrated application of the recurrence risk-scoring model for stage I ADC of the lung in surgical oncology. 4 The results of our study agree with those of that study. In sum, recurrent tumors after resection of ADC tend to be larger, of higher T stage and N stage, and have pathologic LVI. However, in the previous study, detailed CT findings were not well-described with respect to radiologists' stance. Preoperative CT findings other than tumor size, such as tumor character, margin, pleural tag, peritumoral interstitial thickening, and axial location of the tumor as assessed by expert chests radiologists, may be related to tumor recurrence. In view of the recurrence rate in the high-risk group, adjuvant chemotherapy could play a role. For example, even in patients with resectable lung cancer, patients with tumors !40 mm had a survival advantage when they received adjuvant chemotherapy. 13 Further investigations should be performed to identify candidates for close follow-up and adjuvant chemotherapy.
ADC is a heterogeneous entity with diverse clinical, radiological, and pathological features.
14 Initially, ADC of the lung develops as a GGO and the solid portion tends to increase over time. 15, 16 In the present study, there were no GGO-type tumors in the tumor recurrence group, apart from 2 part-solid GGO lesions. Pre-or early malignant tumors such as AAH, AIS, or MIA with a GGO component were mostly lepidic subtypes, and so rarely recurred. The correlations of tumor size measured on CT and pathologic specimens with tumor recurrence are also of questionable value. Although pathologic T stage is the gold standard for tumor staging, the true diameter of the tumor may not be obtained from a shrunken or partially divided tumor specimen, especially 1 with a lepidic component. In this study, in tumors that presented as GGO or part-solid lesions (n ¼ 81), mean size based on pathology was less than that based on CT. Moreover, tumor size on CT was more closely correlated with tumor recurrence than was pathologic tumor size, and this suggests that preoperative CT should be used as a source of accurate parameters for predicting tumor recurrence.
Predominantly lobulated ADC displayed more papillary and micropapillary growth than did spiculated and smooth ADC. 17 To date, lobulated margins are thought to be the only reliable CT feature that allow prediction of malignancy because they point to uneven growth rates with foci of malignant cells at the periphery of the tumor. 12, 18 Previous studies have demonstrated the prognostic value of LVI on pathology. 4 We believe that intrapulmonary lymphangitic tumor spread is important, as well as obvious hilar or mediastinal lymph node metastasis.
11
Centrally located lesions also had a tendency toward axial interstitial thickening and lymphangitic carcinomatosis in a previous study. 19 Furthermore, radiologic and pathologic findings such as CT and pathologic tumor size, pathologic LVI, mass type, and recurrence were closely correlated with the presence of peritumoral interstitial thickening in this study. Radiologist can therefore expect that patients with large tumors, lobulated margin, pleural tag, central location, solid rather than GGO or part-solid GGO characteristics, and presence of peritumoral interstitial thickening on preoperative CT images will have tendency to recur despite being operable.
A diagnostic and therapeutic plan for lung cancer has been developed in our outpatient clinic consisting of a multidisciplinary approach involving radiologists, pulmonologists, oncologists, radiation oncologists, and thoracic surgeons. Radiologists can contribute to the development of effective treatment plans by suggesting the possibility of recurrence on the basis of initial chest CT. Alertness on the part of radiologists about localized lymphangitic tumor spread in stage I, II ADC is important; likewise about widespread lymphangitic carcinomatosis. Our study might also provide the basis for a surgical decision to employ limited surgical resection without lymph node dissection in pulmonary ADC presenting as pure or part solid GGO nodules. 20 This study has several limitations. It is a retrospective study, performed in a single tertiary center. Hence, there was a selection bias toward recurrence. Tumors with mixed GGOs are most common in East Asia so there may also be an ethnic bias. The diversity of the CT findings prevented them from being classified into our usual broad spectrum of ADCs. Second, in our cohort of 275 patients, the number of patients in the recurrence group was smaller than in the no recurrence group. The absolute recurrence rate was 12.4%, despite including stage II, during a median follow-up of 21.0 months, which may have been inadequate. However, it may include the majority of the tumor recurrences, because the median time from operation to recurrence was 13.6 months. Third, the number of patients who had peritumoral interstitial thickening was small, even though the frequency of this finding differed significantly between patients with and without tumor recurrence. Also, there may be a subjective element in the image findings especially in cases of peritumoral interstitial thickening, while these tumors may be combined with pneumonia which could mimic the finding. However, our results, which were assessed by 2-board-certified chest radiologists familiar with the interpretation of lymphangitic carcinomatosis of the lung on chest CT, are useful and practical. This cohort could be used as providing baseline visual assessment data for comparison with a forthcoming computerized texture analysis of lung cancer using CT.
21,22
CONCLUSION
In conclusion, tumors of large size with solid components, mass-type tumors, lobulated margins, central location of the lesion, and presence of peritumoral interstitial thickening are significant predictor of recurrence compared with tumors of small size with GGO components, nodule-type tumors, no distinct lobulation, peripheral location, and absence of peritumoral interstitial thickening on preoperative CT. Peritumoral interstitial thickening on preoperative CT appears to predict pathologic LVI and recurrence.
